More than 42 years of lunar laser ranging provides an excellent basis for the determination of various parameters of the Earth-Moon system and for tests related to gravitational physics. In this paper, we focus on tests of the equivalence principle with the Earth and Moon as test bodies in the gravitational field of the Sun as well as a test of a possible violation of the equivalence principle as a result of the coupling of the galactic dark matter with the ordinary matter of the Earth and the Moon. Tests were carried out for three different data sets with observations from 1969 to 2011, 1986 to 2011, and one set with data only from the Apache Point Observatory. No significant deviation from the predictions of general relativity was found within the reached accuracy of 3.6 × 10 −4 for the Nordtvedt parameter η and 1.6 × 10 −13 for the mass ratio (m g /m i ) EM of gravitational and inertial masses between the Earth and the Moon.
Introduction
For lunar laser ranging (LLR), the round trip travel time of laser pulses on their way from an observatory on the Earth's surface to a retroreflector array on the surface of the Moon and back to the Earth is observed. With the LLR technique, it is possible to investigate different components of the Earth-Moon system which can be divided into two groups. The first group consists of so-called Newtonian parameters, e.g.,
• initial values of the lunar orbit and rotation, which are used for the calculation of lunar ephemeris with highest accuracy , Fienga et al 2011 , • lowest mass multipole moments of the Moon, • lunar Love number, • a dissipation parameter for the Moon,
• coordinates of LLR observatories on the Earth, • coordinates of retroreflectors on the Moon, • mass of the Earth-Moon system, • precession rate, • long-periodic nutation coefficients (Biskupek et al 2012) , • Earth orientation parameters Müller 2009, Zerhouni and Capitaine 2009 ), • the tidal bulge lag angle, indicating the lunar tidal acceleration and • parameters of the lunar interior .
The second group is related to tests of general relativity , e.g.,
• violation of the (weak) equivalence principle. Some theories predict a violation at the level of m g /m i = 10 −18 -10 −12 , with gravitational mass m g and inertial mass m i (Turyshev 2008 , Damour et al 2002 ,
• strong equivalence principle (Nordtvedt 1995 , Müller and Nordtvedt 1998 , Hofmann et al 2010 , • temporal variation of the gravitational constant G Biskupek 2007, Williams and Folkner 2009 ), • metric parameters, e.g. space-curvature parameter, • geodetic precession and • preferred frame effects (Müller et al 1996 , Soffel et al 2008 .
This paper is organized as follows. Section 2 describes the history of LLR, the analysis model and the parameter estimation performed at Institut fuer Erdmessung (IfE). Section 3 focuses on testing the various facets of the equivalence principle with LLR data, and our conclusions are given in section 4.
Lunar laser ranging
During the landing of Apollo 11 astronauts on the Moon in July 1969, the first LLR retroreflector A11 was deployed on the lunar surface. This was the beginning for the McDonald Observatory 2.7 m telescope to track the Moon. In November 1970, the Frenchbuilt retroreflector L17 arrived at the Moon with the unmanned Soviet Luna 17 mission. Attempted ranges from McDonald to L17 showed the problem in locating the right position of the retroreflector. In January and July 1971, the Apollo 14 and 15 missions also deployed retroreflectors (A14/A15), the last one (L21) arrived with the unmanned Soviet Luna 21 mission in January 1973. Whereas the positions of A14, A15 and L21 were well known, L17 was no longer tracked. In the following years, several observatories in USA, Australia, France, Japan, Russia and Germany started to range the Moon for different time spans. For more details on the history of LLR, see Müller et al (2012b) and . Now only two observatories routinely obtain ranges to the Moon, the Observatoire de la Côte d'Azur in France and the Apache Point Observatory Lunar Laser-Ranging Operation (APOLLO) in New Mexico and more irregularly the McDonald Laser Ranging System in Texas and Matera Laser Ranging Station in Italy. In April 2010, APOLLO successfully got signals back from L17 retroreflector after its position was determined from high-resolution images of the Lunar Reconnaissance Orbiter Camera, for more details see Murphy et al (2011) . So now five retroreflectors contribute to LLR; the arrangement on the Moon is given in figure 1 .
Observed travel times of several photons over a time span of about 10-20 minutes are statistically combined to normal points (NP) (Abbot et al 1973) . The signal-to-noise ratio is weak and mainly caused by, e.g., energy loss (i.e. the 1/R 4 law), atmospheric beam divergence, corner cube diffraction and geometric reasons (rather small telescope apertures and reflector areas). To detect real lunar returns, data filtering (spatial, temporal and spectral) is required. Until now over 17000 NP were collected by the observatories and entered the analysis as observations. The LLR analysis model is based on Einstein's theory of gravity. The relativistic model at IfE is complete up to the first post-Newtonian (1/c 2 ) level, e.g., Müller et al (2008) . The simplified observation equation for the station-reflector distance d (see figure 2) is
with the speed of light c and the pulse travel time τ , vector r EM connects the geocenter and selenocenter, geocentric coordinates of the observatory r obs , selenocentric coordinates of the retroreflector r ref and τ for corrections due to atmospheric, tidal, loading and relativistic effects (Lorentz and Einstein contraction, Shapiro time delay). To apply (1), all vectors have to be transformed from their respective reference frames (the terrestrial reference frame (TRF) or selenocentric reference frame (SRF)) into the inertial frame by
The rotation matrix R e (t ) between the inertial frame and TRF is obtained with the Earth orientation parameters as described in McCarthy and Petit (2004) . For the rotation R m (t ) between the SRF and inertial frame, the Euler-Liouville equations for the Moon are numerically integrated. The Earth-Moon vector r EM in (1) is obtained by the numerical integration of relativistic equations of motion (here given in simplified version),
with Newtonian accelerations b new due to the gravitation of the solar system bodies as well as gravity field inhomogeneities and relativistic effects b rel .r EM is the relative acceleration vector between the Earth and the Moon, GM E+M is the gravitational constant times the sum of the Earth and the Moon mass and r EM is the Earth-Moon distance. For the Earth, the complete gravity field up to degree 2 and the zonal field up to degree 4 are used, while for the Moon, the complete field up to degree 5 is used, see Müller et al (2012a) for more details. The LLR model is adjusted to the observations by a weighted least-squares fit (Müller et al 2012a) , which is performed in a two-step strategy. In the first step, the non-relativistic Newtonian parameters (examples are given in section 1) are iteratively estimated until the solution converges. The relativistic parameters are held fixed to their Einsteinian values. The result of this first step is called the standard solution. As an extension of that solution, in the second step, individual relativistic parameters are estimated together with the Newtonian parameters. All non-estimated relativistic parameters remain fixed to their Einsteinian values. In section 3, the extended version of the standard solution is used to carry out three tests of the equivalence principle: firstly in the Earth-Moon-Sun system by estimating the Nordtvedt parameter η, secondly via the ratio (m g /m i ) EM and thirdly by investigating an additional acceleration by hypothetical dark matter in our galaxy.
Testing the equivalence principle
The equivalence principle dates back to the time of Galileo Galilei, who empirically found a law of falling bodies whereby the free-fall acceleration of bodies in the same gravitational field is independent of their shape, mass and composition. In his second axiom, Newton introduced the inertial mass m i , which can be theoretically unequal to the gravitational mass m g , which is a quantity for the gravitational attraction between bodies. If the ratio m g /m i were different for two bodies, they would also show a different acceleration in the same gravitational field. Even after more than 300 years searching for a possible violation of the equivalence principle, where m g is equal to m i , this remains a current research topic, mainly for testing Einstein's theory of gravity where the equivalence principle is an essential element.
Testing the difference
for two different bodies (e.g. beryllium and titanium) in free-fall experiments confirms the equivalence principle with a precision of 1.8 × 10 −13 (Schlamminger et al 2008) . Due to the extremely small amount of gravitational self-energy of laboratory sized bodies, this test can only verify the weak equivalence principle. However, considering bodies of astronomical size with a non-negligible amount of gravitational self-energy like the Earth and Moon, the strong formulation of the equivalence principle can be verified. A possible violation of the strong equivalence principle would mean that the gravitational energy itself has an effect on the gravitational acceleration. The ratio m g /m i can therefore be expressed by
with the Nordtvedt parameter η which is zero in general relativity, the gravitational self-energy U, the mass of the body M and the speed of light c (Nordtvedt 1968a) . The Earth and the Moon are mainly sensitive to a test of the equivalence principle in the gravitational field of the Sun. A violation of the equivalence principle would lead to an additional acceleration of the Moon with respect to the Earth, dependent on the difference in their mass ratios Moon . This acceleration would lead to an additional range term r EM of the lunar orbit with respect to the synodic angle D and a scaling factor S of about −2.9 × 10 10 m (Nordtvedt 1995 (Nordtvedt , 1968b )
and expressed by the Nordtvedt parameter η
The equivalence principle test with LLR addresses a combination of the weak and strong equivalence principle, because of the different composition of the two bodies and of their additional gravitational self-energy. Here, we focus on two tests of the equivalence principle in the Earth-Moon-Sun system by estimating the Nordtvedt parameter η and the ratio (m g /m i ) EM . The third test of the equivalence principle is performed by investigating an additional acceleration by hypothetical dark matter in our galaxy. All tests were carried out for three different data sets. The first set includes all observations from 1969 to 2011, the second set uses only the observations from 1986 to 2011, where the overall accuracy is better than in the years before 1986, and the third data set includes only 942 observations from the Apache Point Observatory.
Nordtvedt parameter η
To estimate the Nordtvedt parameter, the standard solution was extended by estimating the annual nutation terms of the Earth to reduce some remaining non-modeled annual effects which distort the solution for η. For the Nordtvedt test, the annual nutation coefficients were fixed to their estimated values. This will not be the final solution for the annual effects but reduce their influence, when estimating the Nordtvedt parameter with the complete data set. Using the regular standard solution, η is (9.9 ± 3.6) × 10 −4 , when using the nutation extended standard solution η becomes (3.0 ± 3.6) × 10 −4 . The Nordtvedt parameter shows a high correlation of about 0.6 with GM E+M because the synodic angle D has an effect on the determination of GM E+M , see Nordtvedt (1998) . Table 1 shows the results for η for all three data sets as well as for a solution with GM E+M being a free and fixed parameter. The corresponding maximum additional range terms (for cos D = 1) were calculated using (8) which was also used for calculating the partial derivative for η. The formal errors, obtained directly from the fit, tend to be too small owing to remaining systematic errors which were not taken into account as well as non-modeled effects. Therefore, the formal errors were scaled by a factor of 3 to obtain 0.00 ± 0.58 Data set more realistic errors. The factor is based on an estimation of modeling discrepancies as well as on empirical studies and is applied to all given errors in this paper. The solution for η does not show any significant deviation from the predictions of general relativity. Considering the shorter data sets, the results for η are still good. The solution for the data set between 1986 and 2011 is only slightly worse than the solution for the whole data set, despite the 16 years shorter time span which is counterbalanced by a higher average accuracy of the data. For the APOLLO-only data, the accuracy of the other data sets is not reached yet, but the difference is not huge. It is desirable that APOLLO as well as the other stations measures more regularly to the Moon with the aim to obtain a better orbit coverage with respect to D.
Results for the ratio (m g /m i ) EM
To obtain the results for the mass ratio (m g /m i ) EM , the same procedure with a nutation extended standard solution as for the Nordtvedt parameter was used. The partial derivative for (m g /m i ) EM was computed by numerical integration by introducing an additional acceleration of the Moon in the direction of the Sun. Table 2 shows the results for the three data sets. The range term r EM is calculated from (7) and confirms the solution for the Nordtvedt parameter in table 1.
The discussion for η in section 3.1 is also valid for (m g /m i ) EM .
Galactic acceleration by dark matter
The biggest part of the matter in our galaxy is not directly observed by electromagnetic radiation. A strong hint of the existence of this so-called dark matter is a discrepancy between the observed and theoretically calculated orbital velocities of stars in our galaxy with respect to their distance from the galactic center. A test of a possible different acceleration between the galactic dark matter and the different compositions of the Earth and Moon was suggested by Nordtvedt (1994) . If the gravitational coupling between dark matter and ordinary matter of the Earth and Moon does not fulfil the equivalence principle, it would result in an additional range signature with sidereal frequency in the direction of the galactic center. Here, the amplitude A was directly estimated as an in-plane component by
with the sidereal frequency ω and the directional longitude of the galactic center θ , see also Nordtvedt et al (1995) . The estimation of A is based on the regular standard solution. Due to a high correlation with the z-component of the observatories (parallel to the polar axis), two tests were carried out, one with fixed z-coordinates and one with the z-coordinates as free parameters. Results for the same three data sets as before are shown in table 3. A solution for the APOLLO data set was only computed for the fixed test because of fixing the station coordinates when using this data set. The solutions show no significant violation of the equivalence principle. The reason for the factor 8 between the accuracy of the two longest data sets and the APOLLO-only data seems to be the relatively short time span of LLR observations and is also affected by a high correlation of 0.9 with the z-component of the station velocity. If the z-coordinates of the observatories are estimated along with A in the longer data sets, the achieved accuracy is reduced by a factor of 3.
Performing the test for deviating directional longitudes from the galactic center, here by simply adding multiples of 60
• to θ in (9), the signal of a shifted lunar orbit appears, as shown in table 4. With the z-coordinates being free parameters, this results in inhomogeneous accuracies for the different directions. With the z-coordinats remaining fixed, the accuracies were much more homogeneous. The slightly better accuracy outside the direction to the galactic center (and its opposite direction) can be explained with the help of the measurement statistics. The LLR observatories are located on the northern hemisphere, and the number of observations when the Moon moves through southern declinations (where also the galactic center is located) is less than that for northern declinations. In total, with its opposite directions, there were less observations in the direction of the galactic center than in other directions, resulting in a reduced accuracy. Considering the reduced amplitude of the signal between the solution with free and fixed z-coordinates, the remaining amplitude with fixed z-coordinates should not be misinterpreted as a violation of the equivalence principle. It seems likely that, next to the coordinate effect, further non-modeled effects exist, which mimic a sidereal signal. These effects are subject to further investigations.
Conclusions
Lunar laser ranging provides a unique tool to test general relativity in the solar system, where the relative motion of two macroscopic bodies in curved spacetime is monitored. More than 42 years of precise lunar tracking allows us to study the equivalence principle in its different forms (i.e. weak and strong).
Parameterizing a possible polarization of the lunar orbit about the Earth toward the Sun with the Nordtvedt parameter gives η = (3.0 ± 3.6) × 10 −4 , which is in perfect agreement with general relativity. We could show that this parameter benefits most from covering the lunar orbit homogenously with precise data (see our test with reduced time spans, but high tracking accuracy). The determination via the mass ratio m g /m i confirmed this result with m g /m i EM = (−1.4±1.6)×10 −13 , also underlining the consistent coding of our relativistic model.
Finally, we searched for a possible equivalence principle violation caused by the coupling of dark matter in our galaxy. In our parameter fit, we obtained A = (−0.04±0.70)cm (realistic error) for the shift of the lunar orbit to the galactic center with a sidereal period, when the station z-coordinates are held fixed. Again, we did not find any violation of Einstein's theory.
